Abstract -Introduction. Polyphenols have received significant attention in recent years due to their antioxidant capacity and their significant role in disease prevention. Cocoa is one of the major naturally occurring sources of antioxidants, particularly of polyphenolic compounds. Materials and methods. Gelatin nanoparticles loaded with a cocoa-derived polyphenolic extract were synthesized by nanoprecipitation. The nanoparticle synthesis was performed using a central composite experimental design that allowed for the assessment of how gelatin concentration and surfactant concentration (Tween 80) affected the hydrodynamic diameter and polydispersity of the particles. The nanoparticles were characterized using dynamic light scattering (DLS), assessments of zeta potential, scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FT-IR). Results. The analyses demonstrated that the nanoparticles examined exhibited hydrodynamic diameters of (100 to 400) nm, polydispersity indices of less than 0.2 and average zeta potential values of 29-33 mV. SEM images revealed that most nanoparticles were spherical and uniform in morphology, with average sizes less than 250 nm. In vitro experiments in which the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method was used to assess the prevalence of free radical-scavenging ability among these nanoparticles indicated that the loading efficiency for the nanoparticles was approximately 77.56%. Conclusion. Nanoparticles loaded with polyphenolic extract were obtained with average sizes ranging from (120 to 250) nm and largely spheroidal morphologies. Polymer and surfactant concentrations significantly influenced the hydrodynamic diameters and polydispersity indices of the particles. The incorporation of the polyphenolic extract into the polymer matrix enabled the preservation of the antiradical activity of the bioactive compound.
Introduction
Due to their oxidation-reduction activity, polyphenols have antioxidant and cardioprotective properties that cause these compounds to be excellent hydrogen donors which not only stabilize various free radicals, such as reactive oxygen, hydroxyl and superoxide species, but also chelate iron and other transition metals [1] . Moreover, because cocoa contains high levels of phenolic compounds (primarily procyanidins and flavonols), cocoa-derived polyphenols have been recognized as a major dietary source of antioxidants [2] . It has even been observed that cocoa-based products have higher antioxidant capacity and higher flavonoid content (per serving) than tea or red wine [3] . Therefore, a diet rich in cocoaderived polyphenolic compounds may have the potential to lower the risks of chronic degenerative diseases [4] [5] [6] [7] . However, the effectiveness of these compounds in the prevention of chronic diseases is dependent on the preservation of the stability, bioactivity and bioavailability of the active ingredients. This issue represents a major concern; in particular, orally ingested cocoa-derived polyphenolic compounds exhibit low bioavailability due to these compounds' short gastric residence times in gastric juice and low permeability and/or solubility in the small intestine. The instability of these compounds under conditions encountered during the processing and storage of food (such as unsuitable temperature, oxygen and light levels) and within the gastrointestinal tract (including deleterious effects caused by pH levels, enzymes or the presence of other nutrients, among other factors) also reduces the bioavailability of these molecules [8] . The use of these compounds therefore requires the design of systems to protect and preserve the active forms of these molecules until they are consumed and subsequently released within the body [9] .
Gelatin is an animal protein that is widely used as a biopolymer in the production of numerous food and pharmaceutical products. This protein is obtained via acid or alkaline hydrolysis; its main properties include not only the ability to form gels and films but also good solubility in water [10, 11] . Gelatin has also been used in the manufacture of micro-and nanoparticles (nanocapsules and nanospheres) to capture, transport and release drugs that specifically target particular cells or tissues [12, 13] .
Nanocapsules or nanospheres can be obtained using different preparation methods (solvent displacement and interfacial deposition, emulsification-solvent evaporation, emulsification-diffusion, double-emulsification, layer-by-layer, polymer coating, etc.) [14, 15] . Nanocapsules are vesicular systems in which the active substance is confined to a cavity that consists of an inner (liquid, solid or gas) core surrounded by a polymer membrane. In nanocapsules, active substances are typically dissolved within the inner core, although they can also be adsorbed onto the capsule surface [9] . In contrast, nanospheres are systems that feature a polymer matrix in which the active substance is physically and uniformly scattered [16] . Relative to micro-sized particles, nanomaterials provide increased surface area; moreover, for certain bioactive compounds, the use of nanomaterials represents an excellent approach for overcoming instability, increasing solubility, masking unpleasant taste, improving bioavailability and enhancing shelf life [17, 18] . According to Acosta, the use of particles smaller than 500 nm can significantly improve the bioavailability of various active substances, such as β-carotene, MK-0869 (Aprepitant) and vinpocetine [19] .
Nanoscale release systems are not limited to the pharmaceutical industry but have also been used in the food industry to mediate the release of flavoring compounds and nutraceuticals (such as vitamins, probiotics and antioxidants) [20, 21] . However, no reports have addressed the design of nanoscale systems to preserve the antioxidant activity of polyphenols extracted from cocoa. Therefore, the objective of our study was to develop and characterize nanoparticles loaded with a cocoa bean-derived polyphenolic extract.
Materials and methods

Materials
Cocoa beans were purchased from a local market in Mexico City. Gallic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), FolinCiocalteu reagent, Tris-HCl buffer, 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) and ferric chloride hexahydrate were purchased from Sigma-Aldrich (USA). Acetic acid, ascorbic acid and sodium acetate were obtained from J.T. Baker (Mexico). The solvents used in our study were of analytical reagent grade.
Extract preparation
The ultrasound-assisted extraction of polyphenols from cocoa beans was performed following a methodology previously reported [22] . Cocoa cotyledon was ground and subsequently defatted with hexane for 24 h at room temperature (25°C). In the first extraction, a specific quantity of cocoa powder [(0.20 ± 0.05) mm particle size] was added to an acidified solution (0.8%, 2N HCl) of water-methanol (50:50) and subjected to ultrasonication (at 25 kHz) for 30 min. The resulting mixture was centrifuged (3,000 rpm, 15 min) and filtered. The recovered residue was subjected to a second extraction using an acetone-water solution (70:30) and the same ultrasonication conditions. The mixture was centrifuged as described above, and the supernatants obtained from both extractions were combined. A material:solvent ratio of 1:20 was used for each extraction. Finally, the extracts were concentrated using a rotovap, dried and stored in amber bottles.
Preparation of nanoparticles loaded with polyphenolic extract
Nanoencapsulation was performed by nanoprecipitation following the conditions shown in the central composite design (table I) . In a typical experiment, 2 mg of polyphenolic extract were dissolved in a water-methanol solution (70:30, 2 mL), adding a specific quantity of gelatin. The mixture was then stirred (300 rpm) and maintained at a constant temperature (45°C) for 30 min. The resulting solution was added dropwise to an ethanolic solution of Tween 80 (30 mL). After the desired solution was obtained, glutaraldehyde (5%) was added as a crosslinking agent at a glutaraldehyde:gelatin ratio of 0.125:1. The resulting suspension was stirred (at 500 rpm) for 30 min and incubated for 12 h at room temperature.
Nanoparticle size distribution and zeta potential measurements
The Zetasizer Nano ZS ZEN3600 (Malvern Instruments, UK) was used to measure the hydrodynamic diameter and polydispersity index of nanoparticles by dynamic light scattering (DLS), and zeta potentials. Measurements for nanoparticle size and zeta potentials were performed in triplicate, with each measurement conducted using 1 mL of suspension at room temperature (25°C). The calculations of electrophoretic mobility were automatically converted into zeta potential values, based on the Smoluchowski model; ten readings were obtained to calculate the average electrical charge. Table I . Experimental design used in the nanoprecipitation process for studying the characterization of gelatin nanoparticles loaded with a cocoa-derived polyphenolic extract. 
Fourier Transform Infrared (FT-IR) spectra
The presence of polyphenol extract in the loaded nanoparticles and the interaction with the surfactant was studied by Fourier Transform Infrared (FT-IR) spectroscopy. An Agilent Cary 630 FTIR spectrometer (Agilent Tecnologies, USA) was used to record IR spectra. A certain amount of surfactant, gelatin, dry extract and loaded nanoparticles were placed in the sampler window of the diamond ATR (attenuated total reflection) accessory; spectra were obtained when the press was closed and the sample had contact with the ATR crystal.
Scanning electron microscopy (SEM)
Nanoparticle size and morphology were determined by observing nanoparticles under a scanning electron microscope (JEM-6390LV, JEOL, Japan). The samples examined were coated with silver; subsequently, images were obtained at various magnifications, using an accelerating voltage of 20 kV.
Loading efficiency assessment by radical scavenging activity (DPPH)
In accordance with the method described by Lee et al. [11] , suspended nanoparticles were washed with ethanol and centrifuged at 9,000 rpm. The precipitate was redispersed in ethanol, and 4 mL of the resulting dispersion was added to 40 mL of phosphate buffer (pH 7). A total of 4 mL of acetylated trypsin had previously been added to the release medium (the buffer) to degrade the gelatin. The mixture was constantly stirred at room temperature for 12 h. At the conclusion of the enzymatic degradation, ten mL of solution was filtered through Whatman No. 42 filter paper. The DPPH assay was carried out according to the method of Lim et al. [23] , with some modifications. A 2-mL aliquot of the filtered solution was mixed with 500 µL of 0.1 M Tris-HCl buffer and 2 mL of 200 µM DPPH solution. The resulting mixture was stirred and incubated in the dark for 30 min at room temperature. Finally, absorbance at 517 nm was recorded and used to determine the extent to which free radicals were inhibited (Eq. 1).
DPPH inhibtion % = (1) Through the use of a calibration curve and equation 2, the known quantity of polyphenolic extract treated by nanoencapsulation and the quantity of extract that retains free radical scavenging capacity in the nanoparticles examined, which was determined as described above, could be utilized to quantify loading efficiency [24] .
Polyphenolic extract loading efficency % = (2)
Statistical analysis
Response surface methodology was used (Design-Expert 8, Stat-Ease Inc., USA) to determine the effects of polymer (gelatin) and surfactant (Tween 80) concentrations on the hydrodynamic diameter and polydispersity of particles. Analyses of variance and F-tests were employed to determine the significance of differences between treatment means (using a significance threshold of P < 0.05).
Results and discussion
Hydrodynamic diameter and polydispersity index
Our results regarding the effects of gelatin and surfactant concentrations on the hydrodynamic diameters and polydispersity indices, respectively, of the nanoparticles examined show that, regardless of surfactant concentration, both the hydrodynamic diameter and the polydispersity index increase as gelatin concentration increases (figures 1, 2) . One explanation for this phenomenon is that increases in polymer concentration are accompanied by increases in the viscosity of the system 1 absorbance of sample absorbance of control  --------------------------------------------------------------- 
actual polyphenolic extract loading (mg) theorical polyphenolic extract loading (mg) -----------------------------------------------------------------------------------------------------------------
examined, which causes diffusion from the solvent phase to become increasingly difficult and results in the agglomeration of particles [25] . However, increments in Tween 80 concentration were associated with decreases in hydrodynamic diameters and polydispersity indices, particularly at gelatin concentrations greater than 1.5%. Nonionic surfactant concentrations may influence the mechanism by which molecules enter the ethanolic phase, a process that enables nanoparticle stabilization and deposition [26] . This entry of molecules into the ethanolic phase decreases surface tension and viscosity, preventing agglomeration and promoting uniform particle distribution. Thus, higher concentrations of surfactant result in lower hydrodynamic diameters and polydispersity indices [27] . The factors evaluated in the design examined exhibited a statistically significant relationship (P < 0.05) with the response variables; however, no synergistic effects linking the influences of these factors were observed. Equation 3 specifies a mathematical model for hydrodynamic diameter (HD) with a correlation coefficient (R 2 ) of 0.96, indicating that this model fits the experimental data well. 
Zeta potentials of nanoparticles loaded with polyphenolic extract
The zeta potentials of nanoparticle suspensions were determined at pH 5.2 using the NP-09, NP-07 and NP-04 assays; these assays were chosen because they exhibited greater particle stability both at room temperature and in fridge conditions than other experiments where particles precipitated, forming aggregates two days after synthesis. The measured zeta potential values ranged from 29-33 mV, indicating the predominance of positive charges and illustrating the stability of these suspensions. According to Mora et al., the charge of the zeta potential of nanoparticles in suspension is mainly dependent on the chemical characteristics of the polymer, the type of stabilizer and the pH of the medium used in the suspension [15] . The cationic behavior of the suspensions examined in this study can be attributed to lysine and arginine residues present in the molecular structure of gelatin; these residues protonate at a pH below their isoelectric point (pH 6.1), influencing overall zeta potential charge [28] . than NP-09 (2.00). In this case, the results obtained in our study showed that a higher concentration of the surfactant promotes a better particle distribution. Calvo et al. reported good colloidal stability of chitosan (CS)-coated and poly-L-lysine (PLL)-coated poly-e-caprolactone nanocapsules due to the high-energy barrier between particles in correlating an increase in the absolute value of the zeta potential (25-30 mV) [29] . The resulting zeta potential probably depends on the combination of materials and possibly on certain process conditions, such as those which determine molecular organization when the polymer is reprecipitated [16] .
Interactions among the gelatin protein matrix, polyphenolic extract and surfactant
As indicated by the FT-IR spectra of our study ( figure 3 ), gelatin produced characteristic absorption bands at approximately 3276 cm -1 , 2869 cm -1 , 1627 cm -1 and 1526 cm -1 , which corresponded to vibrations of the O-H group, C-C (aliphatic chains), C=O (amide I) and N-H (amide II) bonds, respectively [30, 31] . The polyphenolic extract produced characteristic absorption bands at 3200 cm -1 and 1594 cm -1 , which corresponded to vibrations of the O-H bond in phenolic hydroxyl groups and the C=C bonds in aromatic rings, respectively [32] . Tween 80 produced bands at 2923 cm -1 and 2859 cm -1 , which corresponded to asymmetric and symmetric vibrations of methylene (CH 2 ), respectively; moreover, the Tween 80 FT-IR spectrum also exhibited a 1725 cm -1 band, which was produced by stretching vibrations of ester group C=O bonds [33, 34] . In the FT-IR spectra of nanoparticles, a change in the characteristic absorption band of gelatin at 2869 cm -1 was observed; this alteration can be attributed to hydrophobic interactions between methylene groups of surfactant molecules and the aliphatic chains of gelatin molecules [30] . In addition, the intensification of the peak at approximately 1627 cm -1 in the nanoparticle spectra relative to the gelatin spectra can be explained by the hydrogen-bonding interactions between the C=O group of gelatin and O-H groups of the polyphenolic extract that occurred in the nanoparticles [31] .
Size and morphology of nanoparticles
Selected samples were analyzed by SEM ( figure 4) . The SEM micrographs indicated that nanoparticles generally exhibited spheroidal morphologies and a uniform size distribution, with mean particle sizes of 130-200 nm for the NP-04 and NP-09 samples and 120-250 nm for the NP-07 sample. Presumably, the glutaraldehyde used in the experiments of our study significantly affected the morphology, size and size distribution characteristics of the samples analyzed, as reports have indicated that glutaraldehyde promotes crosslinking and the formation of particles with regular shape and morphology during nanoprecipitation [11, 35] .
In vitro evaluations of the antiradical activity (using DPPH) of nanoparticles loaded with polyphenolic extract
In a previous study we identified and quantified the flavonoids (+)-catechin and (-)-epicatechin, and determined the antiradical activity of the extract used to formulate the nanoparticles [22] . The loading efficiency values for nanoprecipitation in the NP-09 assay were quantified by the interpolation of values from the calibration curve for this approach (Eq. 5). (5) The theoretical quantity of dry extract loaded during this assay was 0.0061 mg·mL -1 , and the actual loaded nanoparticles produced free radical inhibition of 5.44%, which corresponded to a concentration of 0.0047 mg·mL -1 . Through the use of prior data in equation 2, a loading efficiency of 77.56% was calculated for this assay.
According to the literature, the loading efficiency of gelatin nanoparticles may vary depending on the method used for nanoparticle synthesis and the compound that is encapsulated. For instance, efficiencies of 10.6-59.3% have been reported for loading the drugs tizanidine and gatifloxacin into gelatin nanoparticles prepared by nanoprecipitation [11] . Chen et al. reported a loading efficiency of 96.6% for the self-assembly of catechin nanoparticles in a process based on the theoretical principle of polymer solution precipitation in a partially miscible solvent [31] .
The tendency of polyphenols to be absorbed into or adsorbed onto a protein matrix is largely dependent on interactions between the functional groups of the compounds in question [36, 37] . Most polyphenols, including gallic acid, tannic acid and catechins, are known for their ability to precipitate proteins (such as albumin, casein and gelatin) in aqueous solution, although the strength of the protein-polyphenol bond can vary greatly depending on the particular protein and polyphenol molecules involved [17] . In this nanoencapsulation process, such a bond or interaction could promote loading efficiency [31] .
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